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ABSTRACT
Three K(9) functions were used to describe hydraulic conductivity
data from a layered field soil. The functions were KQ(0/Q m )&,
K ((e-e
c
)/(em -e c )) n and K exp{a(e-em )} where K = K (z) = g(z)Km ,
g(z) is a scaling factor that varies with depth z, Km a constant
and 9 CI 9m , P, n, and a are parameters. For each function three
cases were considered: Case 1 fit discrete values by depth to
g(z) and a, p and n: The second case treated the scaling and
exponential parameters as continous functions of depth: And the
third case fit scaling factor as a discrete function of depth but
held p, n and a constant. More variation in r 2 and MSE was found
between cases than between functions.
INTRODUCTION
Most soil physics field studies to date have been directed at
obtaining detailed descriptions of the various soil horizons or
alternatively the course of action has been to ignore layering
and treat the soil as being a uniform body. Describing a soil
horizon by horizon is a tedious task with no clearly defined
stopping point. Warrick et al. (1977) used scaling to reduce the
amount of effort required to describe the hydraulic properties of
small laboratory cores. The objective of this paper is to
evaluate scaling as a technique for describing hydraulic
properties of a layered field soil.
THEORY
Spatially-varying hydraulic conductivities can be approxinated as
the product of a function of depth and a function of volumetric
water content (Warrick et al., 1977), i.e.:
K(9,z) = gi< (9) [1]
where K(9,z) is the spatially-varying hydraulic conductivity,
g=g(z) is the scaling factor expressed as a function of depth
(z), and K(9) is the nominal hydraulic conductivity and
depends only on water content. Taking the log of both sides of
Eq. [1] results in
iog{K(9,z)] = log[g(z)J + log{K(9)] [2]
Choose
G B
K(9) = Km (— ) [3]
e -e c n
K(9) = Km ( ) [4]
K(9) = Km exp{a(9-em ) 1 [5]
where K m is the hydraulic conductivity at the reference water
content m . e c , B, n, and a are parameters. Eq. [3], [4] and [5]
were taKen from Watson (1967), Brooks and Corey (1964) and
Davidson et al. (1963), respectively. Substitution of one of
Eq. [3], [4], or [5] into Eq. [2] results in
9
log[K(z,e)] = log{K (z)J + 3-log(—
)
[6]
em
© —
©
log{K(z,©)) = log{K (z)J + n • 1 og ( ] [7]
em"ec
ln[K(z,e)] = ln[K (z)] + a(6 -6m ) [8]
where K (z) = g(z)Km .
While no formal statistical test is known for choosing the best
g(z) or functional form of K, a qualitative appraisal can be
made on the basis of r2 and mean square errors. Three cases for
each of Eq. [6], [7], and [8] will be considered.
CASE 1:
log{K (z) ] = log{K (z, )
)
Pj= P(Zj); n,= n(2j); and a,= a(z,)
where Z\ denotes a depth where measurements were made and g, , 0j ,
a, and n, are discrete estimates. This case required fitting
functions at each individual depths.
CASE 2:
log{K (z) ) = log[K (z) )
P = P(z); n = n(z); and a = a(z)
where log[K (z)j = a + a
(
z + a 2z
2 +a 3 z
3 +a
4
z 4 + a 5z
5
cc(z),3(z) or n(z) = b + b|Z + b 2z 2 + b 3z 3 +b^z 4 + b5z 5
and a ,
a
1
a5 and bg,b| , . .
.
,bg are regression coefficients.
CASE 3:
log(K (z) i = log[K (Z| ) J
P, n and a are constant over al I depths.
Case 3 results in a single relation between K and 0, K (©)
,
which will be hereafter referred to as the nominal hydraul ic
conductivity function.
Mater i a 1 s and Methods
The field study was carried out on Mu i r silt loam (fine- silty,
mixed, mes i c Pachic Haplustoll) located on Kansas State
University Ashland Research Farm about 10 km south of Manhattan,
Kansas. The Mu i r series consists of deep nearly level soils on
river and creek terraces formed in deep alluvium. The 3 by 4 m
test plot was bermed with soil and sand bags. An aluminum
access tube, 4.13 cm outside diameter and 183 cm long, was
installed to a depth of 168 cm in the center of the plot 4
months before starting infiltration on 14 July 1983. Mercury-
manometer tensiometers were arranged in a circular pattern, 80
cm in diameter around the access tube at the 0, 20, 40, 60 , 80,
100, 120, 140, and 160 cm depths. Water was maintained at a
depth of 5 to 6 cm on the plot until soil water pressure and ©
appeared constant with time. The plot was then covered with
plastic and 2 to 3 cm of soil to prevent evaporation.
Neutron moisture observations were made at 12 depths 10, 20,
30, 40, 50, 60, 70, 80, 100, 120, 140, and 160 cm as the mean of
two 64s counts. During the early drainage phase, readings were
taken every 2 to 4h for the first 12h then less frequently at
larger times. Soil water content measurements were made
immediately after the tensiometer readings. Hydraulic
conductivities were estimated using a modified instantaneous
profile method described by Rose et al. (1965).
Percentages of sand, silt, and clay were determined using the
hydrometer method (Day, 1965). Except for the upper 15 cm and
the lower 30 cm (135 -165 cm) where the soil texture is silt
loam the soil profile is predominantly a silty clay loam. Average
particle-size distribution for each depth, given in Table 1,
shows that the mean fraction of clay, silt, and sand were 28,
54, and 18/, respectively. Table 1 also shows that the average
bulk density value for the top 100 cm is 1.4 Mg-m"3 ; this value
decreased to a minimum at 140 cm with the lower 60 cm of the
profile having an average density of 1.32 Mg-m"3
.
The neutron probe was calibrated by regressing volumetric water
content vs. neutron probe count using data from borings
obtained from the plot area following the infiltration-drainage
experiment. To extend the range of the field calibration to
the wet end the area was reflooded and soil samples taken. Bulk
densities and volumetric water content were estimated from 7.6 by
7.6 cm undisturbed cores taken with a thin-walled hydraulic
probe. There were a few exceptions where the average bulk density
was used to convert gravimetric water to a volume basis. The
narrow range of the clay content and bulk density (Table 1)
suggested using one neutron probe calibration curve for all
depths (Fig. 1). Observations at 10 cm depth, where the
calibration was affected by the restricted soil volume near the
surface, were deleted from analysis.
Chemical analysis of the well water used in this study was as
follows: 0.6 mmol L*' Na + , 0.1 mmo 1 L"' K + , 15.2 mmo I L" f Ca 2 + ,
3.6 mmol L" 1 Mg 2+
,
0.21 mmol L' 1 CI", 1.4 mmol L _l S0 4 2 -, 0.2
mmol L"' N03", 10 mmol L" 1 HCO3", pH = 7.08, and EC = . 85 os -m" 1 *
Resu 1 ts and D i scuss i on
Water content profiles at 0.0, 0.2, 0.5, 1.4, 3.4, 7,12, 18. 3, and
28. 4d are presented in Fig. 2. Measured water contents are
indicated by the solid circles. Average water content change
above 70 cm was 0.03 m3 -m" 3 during drainage. A larger change,
0.06 m3 -m" 3
,
occured below 70 cm. The rate of change of water
content, ae/at, during early drainage phase was about 80 times
greater than the rate of change of water during late drainage
phase
.
Figure 3 shows total hydraulic head plotted against depth.
During the 28-day drainage period, the pressure head at
deeper depths, 100, 120, 140, and 160 cm, changed as much as
twice that of the upper depths. Hydraulic head gradients
approached a magnitude of 3 near the end of the drainage phase.
Three K (9) were fitted at each depth for Case 1. 9C i n the
Brooks and Corey Model was estimated from curve fitting total
water above z (W) data,
W = W(z, t) = 9dz [9]
where t is time in days. For the Brooks and Corey Model and
assuming a unit gradient Sisson et al. (1980) expressed W as,
z 1/(n-1)
W = W(z,t) = 9
c
z+(1-1/n)z(9m -9 c ) ( ) [10]
At
here 9m was estimated as the average of 9(z,t) after 16 days of
ponding. Note that the n here is 1/n in Sisson et al., (1980). A
is given by A = K m /[(9m -9 c )/n], Km was estimated from the final
infiltration rate at the soil surface after 16 days of ponding,
and 9
C
and n were estimated by non-linear least squares fitting
to Eq. [10] (PROC NLIN procedure provided by Helwig and Council,
1979).
8The three K(0) functions (Eq. [6], [7] and [8]) were fitted for
Case 1. The results for the 140 cm depth are shown in Fig. 4 and
were considered typical of most depths. Estimates of the
parameters are given in Table 2. The three functions performed
equally well in that similar r 2 values were obtained at each
depth. The results from other depths tended to follow the
sigmoidal shape shown in Fig. 4. None of the K(9) functions
cosidered here could mimic such a shape. The eleven regression
lines resulting from fitting Eq. [8] for Case 1 are shown in
Fig. 5.
The slope of each regression curve obtained from fitting the
three different K(9) functions for individual depths, was tested
against all other slopes and the results of this test are
presented in Table 3. This test was a t-test dependent on the
difference between two slopes as well as individual standard
errors. This test gave the same ranking of exponential parameters
(slopes) regardless of the K(0) function. Slopes from the 120
and 60 cm depths had the largest differences (Table 2). The
ranking of exponents remain the same regardless of the K(9)
function. It may be concluded from Table 3 that significant
differences existed among exponential parameters at the one
percent probability level.
Case 2 fit the slopes of Eq. [6], [7] and [8] as polynomials of
z. The maximum r 2 improvement technique was used to fit
polynomial models to the field data (Helwig and Council, 1979).
Estimates of the polynomial coeffients are given in Table 4. The
continuous polynomial functions produced higher MSE and lower
r J values than Case 1 (Table 5). The continuous polynomials
offer the advantage of estimating hydraulic conductivity at any
depth over the - 1 60 cm range.
Case 3 requires fitting curves of the same slope to Eq. [6], [7]
and [8]. The fitting was done using the method of dummy
variables (Draper and Smith, 1981). The results of this fitting
are shown in Fig. 6 for the Davidson model. A numerical
comparison of cases is presented in Table 5. MSE values of the
single slope model were about twice that of the variable slope
models. Cases 1 and 2 also produced r Js that were 9 to 15X
higher than the single slope model. The parallel curve models
explained more than 74/ of the variation of log{K} or ln{K)
around the means (Table 5). The basic advantage of the parallel
model is that only one function needs to be estimated to
describe a soil.
Case 3 allows a single K(9) for the whole profile, once the
scaling factor g(z) has been estimated. Assuming the Davidson
Model K m for the nominal hydraulic conductivity was estimated as
the log mean of K (z) over all depths and is shown in Fig. 7 as
the solid curve. Hydraulic conductivity data from all depths were
adjusted by the difference between lnK (z) and lnK m and also
plotted on Fig. 7. A regression of the data in Fig. 7 indicated
an r2 of 0.91+ considereably higher than most of the r2 s given in
Table 2 and any of the r2 s in Table 5. If the r2 s in Table 5 had
10
not been adjusted for the mean of the dependent variable they
would also exceed 0.90.
Further field work would be required to establish how reliably
the single curve predicts hydraulic properties of the Muir silt
loam other locations.
Summary and Conclusions
1. Three K(9) were tested their ability to describe field
measured K(9) data. Exponents in the three K(9) functions were
allowed to vary with depth in two tests and were fixed to a
single value in a third test. All three K(9) functions performed
equally well as determined by r 2
,
although the r 2 for
the variable and fixed models were different.
2. When the exponents in the three K(6) functions were fitted
as discrete and polynomial functions of depth, the discrete
functions yielded higher r 2 (0.89). When one exponent was
used for all depths, the r 2 ranged from 0.74 - 0.78. The
advantage of the polynomial procedure was at points between the
depths studied could be interpolated. The advantage of fixed
slope model is that only one exponent needed to be determined
for all eleven depths. The discrete model had the highest
precision.
11
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Literature Review
Understanding of the water movement into and through soil
profile is of significant importance because it is the basic
input for irrigation and drainage systems design, soil management
practices, crop selection and land use, and environmental
aspects. These practices are all, to a certain extent, dependent
upon the hydraulic properties of soil which include the water and
conductivity chracteristic that relates soil water content with
pressure potential and hydraulic conductivity, respectively.
Water infiltration and redistribution are time dependent and
essential for solute transport through soil. Gardner and Widtsoe
(1921) developed an equation to relate the mean values of water
content following irrigation with time, T, in days
W = 14.6 + 7.6 e-<MKT + 7.6 e" ^1
where W represents the mean value of water contents measured to a
depth of 183 cm and expressed as a percentage on a dry weight
basis. While considering the physical processes involved in loss
of water from a field plot of a uniform sandy loam after
irrigation, Richards et al. (1956) found that the total water, W,
above a given depth could be closely related to time by an
equation of the form
W = aT-0
where a and b are costants, and that the rate of loss of soil
water was inversely proportional to time, T, i.e;
dW/dT = -abT^ 1 = -bW/T
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Using the same equation, Wilcox (1959) noted that straight lines
were obtained when log W was plotte i vs. og T. Also, he reported
that the fit was quite close except during the early drainage
phase and that in any one soil equal water contents are
accompanied by equal rates of drainage. Richards and WeeKs (1953)
suggested a method to calculate the hydraulic conductivity from
data obtained during transient changes of water content and
tension in soil column. The basis of their calculation was the
Darcy equation
q=Ki
where q = flux, K is the hydraulic conductivity, and i is the
hydraulic head gradient. They rewrote the equation in the form
1/A * dQ/dT = Ki
where dQ/dT is the rate of flow of water past a given cross
section area, A, of the soil column. The derivative dQ/dT was
evaluated using a method suggested by Richards (1938) to
calculate the volume of water, Q, in a soil column as follows:
Q = A
z
P gdz
O b
where P^ is the soil bulk density, A and z are the cross
sectional area and length of the soil column, respectively, and
g is the gravimetric water content. This integral was evaluated
at different times during desorption along the soil column to
calculate the flux (dQ/dT = q), then the flux was divided by the
hydraulic gradient, obtained from tensiometers, to calculate the
hydraulic conductivity. The method of Richards and Weeks was
modified by Richards et al. (1956) and Ogata and Richards (1957)
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for the analysis of field observations to determine the relation
of water content to suction and hydraulic conductivity of a fine
sandy loam of uniform profile. However, they expressed
reservations on the possibilty of in situ measurement of the
hydraulic conductivity of unsaturated soil profile that was not
uniform.
During the late 50 J s the most reliable work, concerning the
rate of drainage following irrigation, was that in which plots of
bare soils were covered to prevent evaporation and to prevent
rainfall from falling, due to the unavailability of an
independent measurement of evaporation. Wilcox (1959) studied
this phenomena on bare soils which were irrigated with sufficient
water to wet the soils to field capacity and then covered to
prevent evaporation. The results indicated that the finer
textured the soil the greater were the rates of moisture loss,
however, slope of the line which relates the rate of moisture
loss to time was much less with a clayey than with a sandy soil.
He also noted that the moisture content following desorption
increased progressively with depth because with increasing depth
each successive layer of soil received more and more water from
above.
While tensiometers are the most common and satisfactory
devices to measure soil water tension and hence the hydraulic
head gradient, the neutron method of measuring soil water has the
advantages of precision and cost compared to gravimetric sampling
because it satisfies the most common requirement, the non-
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destructive attribute, by allowing repeated sampling in the same
access hole when measuring changes in stored water. This
technique was used by Burrows and Kirkham (1958) and Nielsen et
al. (1959) to measure changes in stored water of a soil profile.
Rose et al. (1965) represented a theory based on the water
conservation equation for a given volume of vegetation-free soil
to determine the hydraulic conductivity in the field as a
function of depth over the entire range of water contents on a
soil of non-uniform profile. This method is known in the
literature as the instantaneous profile method. On using this
method, there are three options with respect to the measurement
of soil water content and soil water pressure head profiles: i)
in situ measurement of water content and pressure distributions,
ii) in situ measurement of water content distribution and
inferred pressure head from water retention data
,
and, iii) in
situ measurement of pressure head and inferred water content
from retention data. The first option is inherently the best
choice Klute (1972), because the in situ determined 0(h) curves
often disagree with 8(h) curve determined on undisturbed core
samples collected from the same site. This disagreement has been
more experienced with fine-textured soils (Luxmoore et al.
1981), but it also occurs for the coarse-textured soils (Dane,
1980). At one location, reasonably accurate and precise values
can be obtained after infiltration during the redistribution and
drainage of water within and from soil profile where measurements
were made for both soil water contents and soil water pressure
(Nielsen et al. 1964 ; ran Bavel et al. 1968a).
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Wilcox (1960) investigated the effect of the rate of
drainage following irrigation on the determination of consumptive
use. He assumed that the drainage rate from a given depth of a
soil is a function only of water content and independent of the
rate of extraction of water by roots. He underestimated the
consumptive use when the drainage rates from a covered plot was
deducted from the total loss of a nearby cropped plot, and over
estimated the consumptive use when the total moisture lost from a
cropped plot was used as estimate of the consumptive use. The
theory of the instantaneous profile method, referred to hereafter
as the IPM, was modified by Rose et al., (1967) to permit the
calculation of water withdrawal by plant roots as a function of
depth and time with out neglecting water movement in the soil.
Using this method to separate between water redistribution and
uptake by plant roots it requires:
1. Knowledge of change in water storage which is given by
f
Z
f
Ta
(de/dT) dzdT
JO T,
2. An estimate of the vertical flux q which is given by the
Darcy equation
3. An estimate of evaporation which is distinct from
transpiration
T 2
E dT :
Tl
T 2
q dT
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where q is the upward flow at the soil surface which
occured in a liquid phase and that the vapor flow is
small in comparison.
4. Amount of water which is withdrawal by roots from a soil
with an upper boundary at the soil surface, a lower
boundary at depth z is given by
r (z) dz
rT 2
(I -q-E) dT -
Ti
T 2
(ae/aT) dzdT
T
where l =rate of irrigation including precipitation, and
r(z) = time-averaged rate of water withdrawal by roots over the
period T1 to T2.
They concluded that the method can be used succes c fully to
determine in situ the pattern of water « ; thdrawa i from the soil by
a growing crop.
The instantaneous profile technique may also be applied to
laboratory flow columns and has the advantage of comparing the
flux in the still saturated zone at selected profile times with
the outflow rate per unit area of the same times as measured from
the volume outflow at the base of the column. Also the
arrangement of measuring the soil water content and soil water
suction with the gamma rays absorption and tensiometer pressure
tranceducer respectively, permits the simultaneous nondestructive
and rapid response measurement of soil water content and soil
water suction and provide a record of these changes against time.
Watson (1966) proposed this technique and applied it to an
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initially saturated sand column where measurements of soil water
content and pressure head as a function of depth and time were
made. In his investigation, Watson (1966) used the one
dimensional continuity equation for unsaturated materials to
calculate the flux at given time intervals by integrating
graphically 60/dT with respect to depth, then the gradient was
determined by differentiating graphically the total potential
with respect to depth at the same time intervals. The
instantaneous hydraulic conductivity was then calculated by
dividing the flux by the gradient.
Before 1967, a problem associated with the studies of
separating the drainage and consumptive use (root absorption plus
evaporation) for an actual field situation was that in none of
these studies was there an independent measure of evaporation
rate. Van Bavel et al. (1968a) determined the evaporation losses
from three precision weighing lysimeters in which the surface and
environment were closely identical to those of the test plots.
They used the IPM (Watson 1966) to calculate the flux and the
hydraulic conductivity from in situ measured water content and
pressure potential by determining dO/dT and dH/dz at a selected
group of time intervals using a graphical technique and
integrating de/dT for depth increments under consideration to
get the flux, which was divided by the hydraulic gradient to
get the hydraulic conductivity at a given depth. The rate of
root extraction, r(z), was then calculated using
r(z) = ae/dT - dq/dz
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Using this method, van Bavel et al. found that the calculated
root extraction rates agreed reasonably with the independent
lysimetric measurements of the water loss from the surface to the
atmosphere.
In bare soils, infiltration .evaporation, and deep
percolation depend, in some measure, upon the water conent of
soil profile. Black et al. (1969) showed that the cumulative
evaporation for a bare Plainfield sand at any stages was
proportional to the square root of time following each heavy
rainfall and can be calculated from the diffusivity measurements,
and that the drainage rate was an exponential function of total
water stored above a given depth of soil profile. Miller et al.
(1971) studied the effect of evaporation rate on drainage losses
at different depth. They found that drainage losses increased and
extended over longer times as the evaporation decreased, and that
the drainage losses at 120 cm were greater and extended over a
longer period of time than that at 70 cm depth .
Arya et al. (1975) described another field method to
determine K(9) and 0(h) which requires, as well as the IPM,
either direct measurements of both soil water content and soil
water pressure head profiles or the direct measurements of either
one of these variables and the indirect determination of the
other variable through the separately determined water retention
curve. In this method the boundary between the upward and
downward movement of water, the plane of zero flux, was
positioned as it moved down the soil profile with evaporation and
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drainage occurring simultaneously. Arya et al. graphically
evaluted the hydraulic head gradient from total potential,
measured in the field using tensiometers, plotted as a function
of depth at various times. Then the graphically determined values
of the hydraulic head gradient were plotted against time to
determine the position of zero flux plane. This method has the
same basis of calculating the flux as that suggested by Richards
(1956) and the same basis of inferring the hydraulic head
gradient as that suggested by Watson (1966).
Olsson and Rose (1978) used the IPM to determine the
hydraulic conductivity characteristics of a soil profile that is
subjected to volume changes with changes in water content,
swelling soils, from in situ measurements of water content and
suction during the redistribution of water through the profile of
a red-brown earth which exhibits swelling properties. They noted
that at a given water suction, the hydraulic conductivity was
generally lower in subsoil where micropores dominate these layers
imposing a high resistance on water flow and thus reducing the
bulk velocity of water for a given potential gradient.
Reliable estimates of unsaturated hydraulic conductivity are
difficult to obtain due to extensive variability in the field and
cost. For this reason equations have been developed by Childs and
Collis-George (1950), Marshal (1958), and Millington and Quirk
(1959, 1960, 1961) to calculate the unsaturated conductivity from
pore size distribution which can be characterized easily by the
standard measurements of water content vs. pressure. These
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methods have been tested with some success by JacKson et a).
(1965), Kunze et al. (1968), Green and Corey (1971), and
Campbell (1974). In developing these equation it is assumed
that the soil is isotropic with respect to hydraulic
conductivity, an assumption of uncertain validity in field
soils. van Genuchten (1978, 1980) derived a closed form
analytical solution based on both Burdine theory (1953) and
Mualem theory (1976a) for predicting the hydraulic conductivity
from the soil moisture curve. This model contains two or three
independent parameters which may be obtained from soil moisture
retention data by a non-linear least- squares curve-fitting
method with the aid of digital computers. van Genuchten showed
that the soil water content, 9, as a function of pressure head,
h, is given by:
e = e
r
+
©s - ©r
[ 1 + (ah) n ] m
where a, n, and m are unknown parameters that may be determined
from 0(h) curve, and 9
r
and 9
S
are the residual and saturated
value of 9 which can be determined experimentally.
r
may be
considered as the volumetric water content at a large value of
pressure head (assuming h is inversely proportional to 9) where
dH/d9 z which on this basis assigns 9
r
a positive value and a
physical basis when either Burdine or Mualem three parameters
model is considered. However, Ward et al. (1983) indicated that
9
r
should be considered as a fitting parameter rather than a soil
property, which allows 9
r
to be less than zero. Also Stephens et
al. (1985) found that the lower limit of the 95/ confidenc
51
intervals of 6
r
was less than zero, which is physically
impossible. van Genuchten model was tested by van Genuchten
(1980), Dane (1980), Ward et al. (1983), and Stephens et al.
(1985) and found to be convenient and sufficiently accurate for
field application, but the reliability of the model may depend
upon a reasonable estimate of 9
r
and 9 5 .
The IPM is perhaps the most reliable method for determining
the saturated as well as the unsaturated hydraulic conductivities
for field conditions. Basis of this method is the Darcian-based
flow theory. However, Application of this theory to field is time
consuming, expensive to characterize the water storage and
conductivity functions, and the uncertainity of representation of
measurements to large areas owing to the inherent spatial
variability of a field soil (Rogowski, 1972). Technical problems
and soil profile charactristics may limit the application of the
theory of the IPM (Baker et al. 1974).
Field hydraulic properties have been measured, by Black et
al. (1969); Davidson et al. (1969); Nielsen et al. (1973);
Luxmoore et al. (1981); Libardi et al. (1980); Chong et al.
(1981); Sisson et al. (1980); and Jones et al. (1984) assuming
that the moisture content and suction over a substantial length
are uniform which implies that the potential gradient is only
gravitational. In these methods the soil is wetted deeply and
allowed to drain while evaporation is prevented. Under this
assumption, the method is known in the literature as the the unit
gradient method. Using this method for covered and non-vegetated
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uniform or weakly layered soil proflie with a shallow water
table, where the hydraulic gradient is nearly unity and water
content is a function of time and independent of depth, it can be
shown that the average hydraulic conductivity, K, for a soil
layer between the soil surface (z =0) and depth of interest (D = -
z$ is given by
K = D * (ee/dT)
where 9 is the average volumetric water content above the depth D
and K is the hydraulic conductivity evaluated at the water
content 9 and depth D. One of the advantages of this method is
that the soil water content profiles, measured as a function of
time following steady state infiltration conditions in a field
soil, provide the only data necessary to estimate K(9).
Libardi et at. (1980) developed a method to obtain K(9)
only assuming a unit hydraulic gradient, the hydraulic
conductivity is an exponential function of soil water content,
and that the average soil water content between soil surface and
depth L is a function of soil water content. This method was
developed by integrating Richards equation similar to that
integration done by Nielsen et al. (1973). They concluded that
the calculated K(9) may differ from reality at each site
especially with soils having distinct layers of horizons of
greatly differing hydraulic conductivity. The limitations of this
method are only K(9) information is obtained and the necessity to
assume unit gradient (Dane et al., 1983). The calculated K(9)
values using Libardi method seemed to correspond fairly well with
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the corresponding K(9) from IPM at intermediate values of 9, but
it did not correspond at all at higher values of 9 (Dane, 1980).
This behaviour may be explained by the fact that during the early
drainage period (which corresponds to low absolute value of
pressure potential, h, and higher 9 values), at-l/dz <0, but after
several days of drainage (which corresponds to higher absolute
value of h and lower 9 values), aH/dz >0 (Chong et al. 1981).
However, when K(9) evaluated using Libardi method was compared
with K(9) detrmined using the IPM , Schuh et al. (1984) noted
that Libardi method worked well on coarse and fine textured,
homogeneous materials underlying stratified soil materials, and
adequate slopes of K(9) curves were obtained within layered soil
materials but the calculated K(9) as a matching values were often
inadequate.-: suggesting that the fit between calculated and
measured values of hydraulic conductivity could be improved by
using field-saturated K(9) values.
Jones et al. (1984) compared five different methods,
including Libardi method, to estimate K(9) from in situ
measurements assuming a unit hydraulic gradient. They concluded
from their study that the five approximate methods were useful in
developing a rapid and rough estimate of soil water properties
over large areas, but the methods were not as useful for a
particular location where soil water properties need to be
precisely known.
Ahuja et al. (1980) proposed a method to determine the
hydraulic conductivity as well as the soil water characteristic
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by analyzing of the drainage phase tensometric data, combined
with the field measured value of near saturated hydraulic
conductivity and one soil moisture sampling during drainage. This
method, when applied for data obtained at five sites chosen for
maximum variation of materials between and within sites, resulted
in a good estimate of K(h) as determined with the IPM (Schuh et
al. 1984). Unless an accurate determination of saturated
hydraulic conductivity, from steady state infiltration prior to
drainage, is used as a matching value as suggested by Ahuja et
al. (1980) the matching value should be representative of the
actual log K vs. log h (where h is the pressure potential) to
avoid inaccurate results (Schuh et al. 1984).
55
References
1. Ahuja, L.R., R.E. Green, S.K. Chong, and D.R. Nielsen.
1980. A simplified functions approach for detemining
soil hydraulic conductivities and water characteristics
in situ. Water Resour. Res. 16:947-953
2. Arya, L.M., D.A. Parrel, and G.R. Blake. 1975. A field
study of soil water depletion patterns in presence of
growing soybean roots: I. Determination of hydraulic
properties of the soil. Soil Sci. Soc. Am. Proc. 39:424-
430.
3. Baker, F.G., P.L.M. Veneman, and J. Bouma. 1974.
Limitations of the instantaneous profile method for
field measurement of unsaturated hydraulic conductivity.
Soil Sci. Soc. Am. Proc. 38:885-888.
4. Black, T.A., W.R. Gardner, and G.W. Thurtell. 1969. The
prediction of evaporation, drainage, and soil water
storage for a bare soil. Soil Sci. Soc. Am. Proc.
33:655-660.
5. Burdine, N.T. 1953. Relative permeability calculation
from pore-size distribution data. Am. Soc. Agri Eng.
10:400-404.
6. Burrows, W.C., and D. Kirkham. 1958. Measurement of field
capacity with a neutron meter. Soil Sci. Soc. Am. Proc.
22:103-105.
7. Campbell, G.S. 1974. A simple method for determining
unsaturated conductivity from moisture retention data.
Soil Sci. 117:311-314.
8. Childs, E.C., and N. Co 1 1 i s- Geo r ge . 1950. The
permeability of porous materials. Proc. Roy. Soc. London.
20lA:392-405.
9. Chong, S.K., R.E. Green, and L.R. Ahuja. 1981. Simple in
situ determination of hydraulic conductivity by power
function descriptions of drainage. Water Resour. Res.
17:1109-1114
10. Dane, J.H. 1980. Comparison of field and laboratory
determined hydraulic conductivity values. Soil Sci. Soc.
Am. J. 44:228-231.
11. Dane, J.H., and S. Hruska. 1983. In-situ determination of
soil hydraulic properties during drainage. Soil Sci. Soc.
Am. J. 47:619-624.
56
12. Davidson, J.M., L.R. Stone, D.R. Nielsen, and M.E. LaRue.
1969. Field measurement and use of soil-water properties.
Water Resour. Res. 5:1312-1321.
13. Gardner, W., and J.A. Widtsoe. 1921. The movement of soil
moisture. Soil Sci. 11:215-232.
14. Green, R.E., and J.C. Corey. 1971. Calculation of
hydraulic conductivity: A further evaluation of some
predictive methods. Soil Sci. Soc. Am. Proc. 35:3-8.
15. Jackson, R.D., R.J. Reginato, and C.H.M. van Bavel. 1965.
Comparison of measured and calculated hydraulic
conductivities of unsaturated soils. Water Resour. Res.
1:375- 380.
16. Jones, A.J., and R.J. Wagenet. 1984. In situ estimation
of hydraulic conductivity using simplified methods.
Water Resour. Res. 20:1620-1626.
17. Klute, A. 1972. The determination of the hydraulic
conductivity and diffusivity of unsaturated soils. Soil
Sci. 113:264-276.
18. Kunze, R.J.- G. Uehara, and K. Graham. 1968- Factors
important in the calculation of hydraulic conductivity.
Soil Sci. Soc. Am. Proc. 32:760-765.
19. Libardi, P.L., K. Reichardt, D.R. Nielsen, and J.W.
Biggar. 1980. Simple field methods for estimating soil
hydraulic conductivity. Soil Sci. Soc. Am. J. 44:3-7.
20. Luxmoore, R.J., T. Grizzard, and M.R. Patterson. 1981.
Hydraulic properties of Fullerton Cherty silt loam. Soil
Sci. Soc. Am. J. 45:692-698.
21. Marshall, T.J. 1958. A relation between permeability and
size distribution of pores. J. Soil Sci. 9:1-8.
22. Miller, D.E., and J.S. Aarstad. 1971. A vailable water as
related to evapotranspiration rates and deep drainage.
Soil Sci. Soc. Am. Proc. 35:131-134.
23. Millington, R.J., and J. P. Quirk. 1959. Permeability of
porous media. Nature. 183:387-388.
24. Millington, R.J., and J. P. Quirk. 1960. Transport in
porous media. Trans. 7th Int. Congr. Soil Sci.
(Madison, WI.) 13:97-106.
25. Millington, R.J., and J. P. Quirk. 1961. Permeability of
porous solids. Trans. Faraday Soc. 57:1200-1206.
57
26. Mualem, Y. 1976a. A new model for predicting the
hydraulic conductivity of unsaturated porous media.
Water Resour. Res. 12:513-522.
27. Nielsen, D.R., J.W. Biggar, and K.T. Erh. 1973. Spatial
variability of Field-measured soil-water properties.
Hilgardia. 42:215-260.
28. Nielsen, D.R., J.M. Davidson, J.W. Biggar, and R.J.
Miller. 1964. Water movement through Panoche clay loam
soil. Hilgardia 35:491-506.
29. Nielsen, D.R., D. Kirkham,and W.R. Van Wijk. 1959.
Measuring water stored temporarily above the field
moisture capacity. Soil Sci. Soc. Am. Proc. 23:408-412.
30. Ogata, G. , and L.A. Richards. 1957. Water content changes
following irrigation of bare-field soil that is protected
from evaporation. Soil Sci. Soc. Am. Proc. 21:355-356.
31. Olsson, K.A., and C.W. Rose. 1978. Hydraulic properties
of a Red-Brown Earth determined from in situ measurements.
Aust. J. Soil Res. 16:169-180.
32. Richards, L.A., W.R. Gardner, and G. Ogata. 1956.
Physical processes determining water loss from soil.
Soil Sci. Soc. Am. Proc. 20:310-314.
33. Richards, S.J. 1938. Soil moisture content calculations
from capillary tension records. Soil Sci. Soc. Am. proc.
3:57-64.
34. Richards, S.J., and L.V. Weeks. 1953. Capillary
conductivity values from moisture yield and tension
measurements on soil columns. Soil Sci. Soc. Am. Proc.
17:206-209.
35. Rogowski, A.S. 1972. Watershed physics: Soil variability
criteria. Water Resour. Res. 8:1015-1023.
36. Rose, C.W., and W.R. Stern. 1967. Determination of
withdrawal of water from soil by crop roots as a fuction
of depth and time. Aust. J. Soil Res. 5:11-19.
37. Rose, C.W., W.R. Stern, and J.E. Drummond. 1965.
Determination of hydraulic conductivity as a function
of depth and water content for soil in situ. Aust. J.
Soil Res. 3:1-9.
38. Schuh, W.M., J.W. Bauder, and S.C. Gupta. 1984.
Evaluation of simplified methods for determining
unsaturated hydraulic conductivity of layered soils. Soil
Sci. Soc. Am. J. 48:370-736.
58
39. Sisson, J.B., A.H. Ferguson, and M.Th. van Genuchten.
1980. Simple method for predicting drainage from
field plots. Soil Sci. Soc. Am. J. 44:1147-1152.
40. Stephens, D.B., and K.R. Rehfeldt. 1985. Evaluation of
closed-form analytical modeles to calculate conductivity
in a fine sand. Soil Sci. Soc. Am. J. 49:12-19.
41. van Bavel, C.H.M.,G.B. Stirk, and K.J. Brust. 1968a.
Hydraulic properties of a clay loam soil and the field
measurement of water uptake by roots: I. Interpretation
of water content and pressure profiles. Soil Sci. Soc.
Am. Proc. 32:317-321.
42. van Genuchten, M.Th. 1978- Calculating the unsaturated
hydraulic conductivity with a new closed-form analytical
model. Research Report 78-WR-08. Water resources Program,
Dep. of Civil Engineering, Princeton Univ., Princeton,
N.J.
43. van Genuchten, M.Th. 1980. A closed-form equation for
predicting the hydraulic conductivity of unsaturated
soils. Soil Sci. Soc. Am. J. 44:892-898.
44. Ward, A., L.G. Wells, and R.E. Phillips. 1983.
Characterizing unsaturated hydraulic conductivity of
western Kentucky surface mine spoils and soils. Soil Sci.
Soc. Air. J. 47:847-854.
45. Watson, K.K. 1966. An instantaneous profile method for
determining the hydraulic conductivity of unsaturated
porous materials. Water Resour. Res. 2:709-715.
46. Wilcox, J.C. 1959. Rate of drainage following an
irrigation. I. Nature of drainage curves. Can. J. Soil
Sci. 39:107-119.
47. Wilcox, J.C. 1960. Rate of drainage following an
irrigation. II. Effects on determination of rate of
consumptive use. Can. J. Soil Sci. 40:15-27.
59
Appendix B
60
u
u
01
c
o
o
c
C-
a
Q)
E
in
>
c
(U
c
a
u
C-
*i
n
u
£-
Q)
rv.r^'^, '»< ,^-o)'-"'-"oooo)CDCD(D(DC\j'V'^, mm(Dcvjm»<^, tO(D'H'-<CM»HO
o iDiDr-»r*iD(Of*»r^r»r~r^iDCDtotDCDr^f^a)'-'cnTir>iD(DcocDcot^r^^coco
us curunjcucvicucucucucururucucucucucucucvimwmmmtncnmcncnrocntncn
ooooooooooooooooooooooooooooooooo
^•»<ruf\iojcD'^, f\i(n^, r^oiojiDo^oiotflcDmiDtD(n'^, r~(Doo'-"rs-0)tno in in ir*rtn ininininifiirjinininin^tDeflO'Hrummm'V'vrT'^-inininininirj
v cvjcvcvirucviojrucvirurucururucucucucvifntntnmrnmrncntnmtnnitntntnro
ooooooooooooooooooooooooooooooooo
moM'iNooiwo^^onKDNMJifflnonjnicioiinoiiflonMs^n
o rnininioiousr^ooocDr^i^r^tor^cncucurn'^'^^'v^'v^^iniriininiDJO
ru njcvinjrucviwniwncviruwwwcurumnininmmnnmnimmcirKnnm
ooooooooooooooooooooooooooooooooo
orvj(atrj'<->(Dr^a)or^(00)oai(0(sr^c\i(oir>(or^i^(soiir)r^ni(oo)0(\iin
o in(\iw(\j(nwwai(\jootJiooninif(nmnni«)(ncin'V^'7'v^ininm
o tMnnncicincioncKMCKnpiondPitni'ii'icii'icii'Kncini'iini'in
ooooooooooooooooooooooooooooooooo
m rs»dtDifJiDiDoi(^irjif)oir^d(Doruo»<(nmD"9, m(ors-'^r^cD'-"'^rur^m
on wfvitviniwniainiwaitMnincii'inpKnncinninnincipniTKnrKninci
00 E QOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
to o tDooomointD(DocT)mmif)iv>nr^r«.ininp^(Dr^co(D('i'^'^, tDr^odo O'-'-rt'HO'rtoocvjinifjininr^ininininirjininmirjinmtDiDCDUJU)
cuci oincicincidcinncinncii'ii'icicidPinciinnmpiciinDin
o o
— c
E o a>UN xi
"-* c
o
c u
a. o c
u to
a +i
m
o u
in ~*
c
4J
CD
EO 3T ~*
a
>
n
(0
aj
E
T3
C
10
ID
a
oooooooooooooooooooooooooooooo
njioni^wtvioonio^s^^ionifiMnMnoKOtMinajoiaioni^^N
(vcincioncicii'iriPiricini'ii'icifioodociDricinocicicii'in
ooooooooooooooooooooooooooooooooo
moj omtninNotvi^oNTNinmNiDioiooainiaioNinin^WBiiotoo '-ioooo'«->x-<^r^r»o)r>-r>>o)r^r^r^r^cDr^(orv-cDr^oooD(D(DCDCD
run pinni'ii'incicicK'icicicK'icidcinnncK'incicKnnni'in
oo oooooooooooooooooooooooooooooo
<NCDO(n'<o)(\jinin^iD(j)»<om'<(Moiimo'<ciBinniJioouin«
CDOO»<»<»<0'«»<tVllONNOCDaiO<DN(1101(D(DllJNlDtD(ll(Dai(DO)(J)
cvinncicificicifocii'ii'ici^cici'TCicicii'icicicicimndciciocio
ooooooooooooooooooooooooooooooooo
*-« f*» l')N^ID(VIO»<tDOOniOI»<l»)^010'<tM(nniCD^(DIDO)0)0)T<DODO '-•'-<^H0J(T1^lf)r»-000DOr»>0DO0Dr^0D0D0D0D0D0D0D0D000D(D0D0)0D
cuai (nnnDPicincicimnntn^innpK'innintnnpinmtnini'iPi
oo oooooooooooooooooooooooooooooo
loioinonioi^N^mioiooooaiaKnNmoioioiincuTinoMiiaiinNinnoT^^ininujNNNiDONNOiiDNr^ror^NiDaioDiDoojiDtDiDiD
ooooooooooooooooooooooooooooooooo
wtno^'owooooooooooooooooooooomooooooir')ino'<(,ii'icinn('innoncii'inn(n('ic)(')nno»»(')oinnffl
^•^•<riTir)IIimiDIIJ»H(DO(D(DOCDIDIDIOOU)DlDDIDai»''<'n ,T'H'HtD
mrnmmmmmmmmmtnmmmtnmrommmmrnrnmmrotnrnmrnfntr)
CDgD0O0D0O0O0OCDCOCO0DO3a}a3COCO0D0OCD(DCDCOaDO3aOCO0O(DCOCDaDCD03
oioiaioioiDioioioimaioioiaioimoioioioioioioioioimoioioioioioiai
r* ^ i^ r*»
o o o o
^ ^ n r^
o o o o ooooooooooooooooooooooooo
61
u
>.
u
O)
c
l-t
•a
a
a
ta
c
a
03
E
in
>
a
10
(U
.c
aj
c
in
in
<u
cQ
U
O
(£1
O
o
o
o
woTTai^T^r^r^-iiDcvJotacvjcjioor^r^orvjai^rnino
oinooNoiiio^iDoooiniooo^iovflioiiiiioai
cifnmfirncicidcicicj'H
(^THom'^oa'TOitnoco-^iTiomi^'Tm'voiciujujuj'^iD
DiunDpoiaN«o«iiita
cor^(D(D(D(\ii^r»(nc\i-^-<-'Oio3
nninnnflinnininN^ N>ioiouinuiininin
E
o
r co
a
cu
a
o
o
0J
niujoocor^cn'^mtor^ini^i^i^nim'HCOOJininninjcoo
r^oinr^r^cor^Tr^miv'vioinininwin'Tru^Trn'^roT
nniwaiN(Uflioj*i
5
«>-« nioioocuincocDr^f^io^nni^aioiotooinomma
r
niDCJincnaji^inaiii^Trinpir^ooootnajomT^cy
c\j(o-rttonj(uu3c\j^, ^, oio>(\irsr^to^rcnfvt\j|s-o»'<-''-'ooo
mmtncni^rv^r^oDcoooruoiai'VPiocnrucnor^fxiajcn
r^i^oinnioiaiaicuninmnnimnininiaiinnim^ni'^^
T •«-< CJ
^fs-tDOID(Tl(T)Tiflinino ,rt (0 ,V*, ^tD^^(D^, *^(DIDO
nvnniannnioia)8iNn**vonennoan*<Bifl
ni
aiiri'Tr^^-ooiDinmminaDCD-^m'-inDajoacDinmaiajo
r^(nn(D'»HCD(ninoooo'-''«-<(»i'»-ifn'»<'-<^'^ioin ,v ,Trn
in-rH nTi^^iMnininiwnininjnininiainim^^'H'*
w-rt'rtUQTHcnmcotniDoor^ujmi^ornuomuotnoinrn-^
Of<ID(niD!VI(\l^(\l(n'''<(ViajN(U»<NON(D(MT"'<(VlOO I I I I
m
omnifliainiaimniniainiiuininmninmmmnini^mai
m i i i i i i i i i i i i i i i i i i i i i
a
ID
01
C
0)
L
05
in
0)
C,
a.
E
a
r-f
in
c
0)
C\J
cu
.a
o
c
ID
a
ooooooooooooooooooomooooomonocnnmonncinpiciinoncimo'-'cioooinTflBIIlOIDlDOIDIfllBlDIBIOtDlBlDiDID-i *-i •*i (\] tt (\l N (Jl
^H •* CU ^"* O *"• *" ^ *^* vt *-< -«H *-l ^4 •»* *H
(ncinnnni'iini'iinnciciocinnincicicicicicini')
GOCOCSCOCOaOCOCOOOGOOOODGOGOGOQDCDGDOOGOOOOOQOGOGDGD
moicnoioioiffioicnaioiaioioiaioitnoioioioioioioiaiai
^t'^mmtoior^i^r^cocomcnoo'^fur'i'^'iniDr^oDcno^
•<^<iMTi<iT<TirinT<«ni\i(\ininifliniiuNnininicin
oooooooooooooooooooooooooo
62
u
>.
u
01
Ol
ID
c
ID
t-
T3
1
C
c_
>
C
0J
4J
c
o
u
c
OJ
4-1
ID
2
U
L
-u
O
>
n
.a
ID
oooitDi^irj'-tiriop^rurvjotnr^r^nru-rtiD'^'^ru'rtooiojoioiotfltflinDQar^i^r^i^r^iDco^^^'^, cncn(nrnfn(nrucvirvJcucuoj'-<'«-i'«-ic\j«-«'«-<'»<'»H
ooooooooooooooooooooooooooooooooo
md*-ir>-to<T)o'*TaoiO'^ooa)tr)inc\Jois»iomTTmoa]o>r^io<Din'H- ''r'<TiBiflioinininin^owaiaiai'rt-HTiTi-noooooooiaiaioioiaiiJioia:
mt^mt^m(n(^rn(nt^t^t^ffl(Tit^tn(nt^(nmcn(n(ntnc\Jcvjc\Jc\Jc\jc\ic\jcvjc\j
ooooooooooooooooooooooooooooooooo
lOioninminm^cininininjTiTiTioooooooioiaiaiaioimoicjioio)
(n{^tn(^(n(nrnt^t^t^(n(ntnrnmrnt^(ntntnt^t^c\j(\ic\jc\ic\jcvjc\jc\jcvjc\ic\i
ooooaooooooooooooooooooooooaooooo
mmoiin(*ioi^(rioiooD{0'^(riO'-'r~.mrumt3)o)CDm'^^'cnpic\Jc\Jc\ioJomin^^^, '<tci(«)t\i(\iT<H»(T<r(Tioooooioioioioioiciioio)oicjioio)
ciiDCicicjpicicitncidciciciffiiDcifficinNnjcuwtMtMnjniwtMOJtuni
•** looooooooooooooooooooooooooooooooo
min^ ,i'V'» ,^(n(n(ntii(Mnj(\ic\i(\iT«'rtT(T<»i»«»<^Ti»<»<»i^rtT<»<»iOn
CD E
— CEOll
(J 1^ 4J
— c
o
c u
Q. O C
0) IS 91
a 4J
ID
2
O u
in **
t_
-u
Q)
EO DT H
O
>
ooooooooooaoooooooooooooooooooooo
r^ino(Dcotflt^(\i(3)r^in^c\jcu^ooo)CDi^cD(D'^, rn(\jc\Jc\ioj-«-<'rtcncocaiacD(oir)inininin^^^^'<TTr'<ir'^''TtT)(n(ncn(Ti(n(ncn(r)tntn(ntncvjc\joj
ooooooooooooooooooooooooooooooooo
i^iD^oDiointoruoiv~irjio ,^''^'rornooi^(Dr^cDi^-cDin''rir>inin'^'(n(nc\j
ncinnocininpiciincincionciocincii'icicincicicicicii'iinin
ooooooooooooooooooooooooooooooooo
iomoi~-cocnincviomin'^"'^oj'»-<"rt'noO'«oo30Dcx3CDr^r,>i^ioioiDiDm
aacncor^f^-i^-r^i^r^toiotococDtfltoiDUJioiDiominmminininminmiriir)
cioncicipicidcicicicicicitncidciincicicicipiciini'icicidcii'iin
ooooooooooooooooooooooooooooooooo
a)
e
a
c
ID
(D
^•oio^itn'rtOO'^f'i'«H-«HcncncotDio(oiDincn'»-ioc\Joocncnoo)cnf^r^
cncncoao(oco<Daor<-r^r~<i^ta(Q(£(Qca(0(£LOiD(0(aco(0(£inir)(Oir)inir)if)('lnini'ii'ini'iinni'ii'iini'Kni'lni'iciinnincicicicKncicicinnnn
ooooooooooooooooooooooooooooooooo
oiiv>oo ,rt\iO'n(i)(i)U)^in^mcic)ooo)iBiD(fliD(D^'r^^c)(n(Mt\io
cocococococooDr^r^r^r^N^i^r^r^r^r^cotDCDcDiocDiDifliDtDCDuacouDiD
ooooooooooooooooooooooooooooooooo
Nm^ooioii^ioiociooicnoioioir^ininncu^oioDcoi^iDioiflmininc)(DeooDcoi^r^r^i^r^r^i^tDiococoiDtDtoiocDUJioinmtninmmmminmir
ooooooooooooooooooooooooooooooooo
222222 00000000 °°°ooinoooooooooooooommm(n (T|(T'ooooooooooon'TrmoinoomtTiruc\j(ncn(n(Ti
^^inrv
-cj)'<-"(n(DooeDooDocDO'»-''«-"o^oiojoioocncnoicncncncnoith h ^ ^ ^ [\i oj cucu ai cu nj^^^rt^^^nj^^,,,,,^^^^,^
ji'iinjnininini'iiii'ii'ii'ii'iini'ii'ii'ii'ii'ii'ii'iinini'iini'ii'iciinini'Knci
mcococococDcocacococzicocococacococacocococococacacococococococDco
oimcomcicimmmcimmmcimoioioioioioioiijioioimoioimmoimoi
m(n(n(nmtntT)oooooooooooo-rt-<-"-rt-rH-r<-rt-rt-rtruc\ic\jrut\it\j
i^i^r^r^f^r^i^coo3(X3CDo3cococotn(DcocoiDcocQeococDco(DCDeoo3cacocoooooooooooooooooooooooooooooooooo
63
u
>>
u
a>
>
It)
c
f-i
to
c_
•a
3
-a
0)
E
ID
>
CO
0)
.c
01
c
in
m
iu
L
a
a
CM
I
E
u
I
E
u
tz o
4j a)
a
01
oajis-m<DiopiiDO(0 ,»'C\jrN>o('i'»*'vr»waiei-«i^'inointDin<oioo)iors-
rt-M^iintatDiflr^cDcno-^-rtajaimrn'^'TiriuDLDi^tDajCDflDaaaiaiaioo
oroom ,v'vm ,J'aur^cvi<Do*-"(Doir)Nto<nin'<j''<r-«-'a>OJ'<r'*NC\jino<o
r~inaiooo--io-rtO(Dir)Ojaioa:iDOi[Dcni^r^tDotntnioor^o-Hcn(i3
,,|T'^'^Tir)(OioiDrvo)oa)'<'»<c\ic\j(TiP)ci^r'<TiomcDoio)(jioioioiooO'^
r<TH(D'>Ht\ir>>cvi{nNoo-HU)CJ)'^'Ooifl"V',,Tina)(0i,>>inincuis-ooin'«-'r>»
oomoir)r-oouDcncDCDOLD0iNajcncDmm^TCDmNr--'-'CDir)inr-ir)ai
•^•«Tninminiorv(Doio)0'»<'»<'»<c\i(n(n^, miDtDrv-(D(D(Ooi(DO>oioiO'»H
(\i^^m(Xj'H'«T(nai(ntD ,^^inai(vj(n(\i(\io^'»<i^inooininin(D(0'rt(nr^
rommcD'^^t^<flaiinu)0'*in'V'<Ta)ocor^r^rs-'<j'0''Tei(ncD(DCD'*a)tn
T-i-r-iT-i-r<ajcTimixir-aicn-HO-rt-rt-H->-<(Ti(n -^inijn^r^a3(Da}r^cDtDcnoio
(DU3(niDirioja)(DaJO)(or^is-in(n'<'rtr>.ajinoj'<iD'^(na>^, t^f^oino»<
mcnro^m^^m^^mcncor^ioininr^in*-'r>*'<j, ^inr>-r^o(D^coincocD
•*^(un^vvtBOBNNNNiBnaoo«*NnaiMn(unnnY^
iD-<i(\iin(D^iDiDi^ino)NocDtncD(o^Tis-oaj(nc)uj'rt(nu)(D-rt ,TU)rs»cu
mm(no)'^(n'^^Tcn(nujo)ioo>(VJ^TeDi^fno'<iD'»<(\iintDr^(no'«Hni(\Jin
nini(n^t^^inminiDiDNNMaooiaioioooooO'<'<'*WN
oo(D^^^Tr^h-oin^-rtmoio)oir^c\iinino'», ajNr>.cvicuocn(DtD'v
(ntnin'^T ,T'^mo(vi ,<Tr^nimooo^r^oD(n-rtCM-rt(n(n(0»<0'<(nc\Jto
^^CMmmcnrncn^^''TinioiDr^r^r^r»iv»r^r^<Daiooooo»-i-«-'*-"CMCM
^oco^air^oots^^^nin^m^moicu'^cnintDioaaiNtni^oom
io->-'(Doirs-'<(r)rnTH(D maioiiiMnMSOM0oa^iDiii^aaii'ioiflT<
oi'»H^.c\]oo-HO)ininaj-«HTH(0(0(Dinnoino(flair^Nini^O'Hr^O'rtai
oNo^oinNoin-Hniuooin
•«-"CMCMCMrnmtninii)ioior*rvr* fOMnni^ooiaimf(DCDCQOIOIOIOOO^^ ^ in cd o o mCM CU cn in ID 10
a
E
o
rH B
Cfl E
C rH
B -P
c
T 10
Ol 01
r-4 4J
a (0
a
OOOOOOOOOOOOOOOOOOOIDOOOOOOOOOOOOO
ocimcncntncnoooooooooootn^cnoinootntncuaicncntncn
rtimNoi^ncooooioBioiDo^^o^oinioioooioioiciicncncnoi
1-1 H-l iH tH tH C\J C\J (\JC\I CM CM ftJ»ll<»lTl»<TlT([\l(\l',<'<»<»'»<T<»<T4
I'lt'ii'irni'iinf'incicjfiinciociincior'ir'if'ir'ificir'iciciincif'ifncic'i
CDCDCDCDCDCDCDCDCDCDTDCDcnCDCDCDCDQDQ3CDCDC0C0CDCDCDCDCDCDCDCDCDQD
oicno)oioioioioioioioioicncjic7ioicncnoioioioioioioioioioioioioioioi
cneicncnrococnoooooooooooo ooio-^CMcnincDcu cu cm cu cm cu
f^r^r^r^f^r^r^CDCDCDCOCDCOCDCDCDQDCDCDCDCDCDCOCDCDCOCDCDCOCDCDCDCDooooooooooooooooooooooooooooooooo
DATA REDUCTION METHODS FOR FIELD ESTIMATED
HYDRAULIC PROPERTIES
by
SALLOUM BER6H00TH SALEM
B.S., Baghdad University, 1976
AN ABSTRACT OF A MASTER'S THESIS
submitted in partial fulfillment of the
requirements for the degree
MASTER OF SCIENCE
Department of Agronomy
KANSAS STATE UNIVERSITY
Manhattan, Kansas
1986
ABSTRACT
Three K(6) functions were used to describe hydraulic conductivity
data from a layered field soil. The functions were <o( e / em^-
Ko((e " e c)/(©m-©c)) n and K exp{a(e-em )i where K = K (z) = g(z)Km ,
g(z) is a scaling factor that varies with depth z, K m a constant
and e
c ,
em , 0, n, and a are parameters. For each function three
cases were considered: Case 1 fit discrete values by depth to
g(z) and a, & and n: The second case treated the scaling and
exponential parameters as continous functions of depth: And the
third case fit scaling factor as a discrete function of depth but
held 0, n and a constant. More variation in r2 and MSE was found
between cases than between functions.
